The need for ever faster and more efficient computation and communication devices has spurred interest in the field of all-optical modulators. Here a small-size hybrid plasmonic-photonic all-optical waveguide modulator utilizing a subwavelength Au/VO 2 nanostructure is proposed as a high-modulation optically actuatable modulator. Using finitedifference-time-domain simulations, a nanoscale (320 nm × 300 nm cross-section) optimized modulator is designed. The modulator design has an extinction ratio as high as 26.85 dB/μm, and a length of only 550 nm.
Introduction
Year after year, as the density of transistors in microchips increases, the power consumed and heat generated by microchips increases. Ultimately, this limits the speed of these devices, and represents a bottleneck in the processing power of computational devices. Integrated optical devices could help alleviate some of these problems by providing low-loss and large bandwidth optical interconnects [1] . Their realization however, requires the development of optical modulators [1] . In recent years, a large amount of work has been dedicated to the demonstration of high efficiency optical modulators, with many different phenomena being used, including carrier depletion in siliconwaveguide modulators [2] , optical pumping induced Pauli blocking in graphene [3] , and thermally, electrically and optically induced phase changes and metal-insulator transitions [4] - [11] . A promising metal-insulator transition material for high-speed, small-size optical modulators is vanadium dioxide (VO 2 ). VO 2 is a correlated oxide that can undergo a phase transition from a monoclinic insulator phase to a rutile metallic phase [12] . The metal-insulator transition phenomenon was first discovered to be thermally induced above 340 K [12] . However, since that time a variety of other means have been shown to be capable of inducing the phase transition, including the application of an electrical bias [13] , excitation by a terahertz wave [14] and hot-electron injection [15] . Recently it has even been demonstrated that using an optical excitation, the VO 2 metal-insulator transition can be triggered at sub-ps timescales and can likely be used for reversible high-speed modulation of VO 2 [16] . Thermally switched [5] , [17] , and electrically switched [18] , waveguide integrated modulators incorporating VO 2 have been proposed and developed. However, an all-optical modulator that uses the high-speed optically induced phase transition of VO 2 remains to be demonstrated.
In order to realize a low-threshold and small-size waveguide integrated all-optical VO 2 optical modulator, plasmonic nanostructures are extremely useful. Plasmonic nanostructures are metallic nanostructures that can confine and concentrate light to sub-wavelength dimensions [19] . Such nanostructures have been used not only to achieve optical modes with subwavelength effective wavelengths [19] , but also to enhance the electric field intensity of incident light for improving lightmatter interaction in non-linear materials [20] , surface enhanced Raman scattering (SERS) [21] , and many other fields. A recent article even demonstrated the use of plasmonic nanoantennas to assist in the light-induced phase transition of VO 2 [22] .
In this work, we propose and optimize the design of a hybrid photonic-plasmonic all-optical modulator. The device is comprised of a thin sub-wavelength Au/VO 2 nanostructure that coats a silicon waveguide. This hybrid structure allows an optical pump signal propagating in the silicon waveguide to be concentrated into the VO 2 in order to switch the VO 2 phase, and provides a resonant photonic cavity that enhances the contrast between the transmission of the modulator in the dielectric VO 2 state and the metallic VO 2 state. This design has the potential to realize an all-optical modulator with an extinction ratio (ER) as high as 26.85 dB/μm, while only being 550 nm in length.
Design Process
As a first step to the development of a high-speed all-optical modulator, an overall device architecture had to be envisaged. This device architecture needed to fulfill three key requirements. The first requirement was that the device should be easy to integrate with CMOS devices and telecommunication devices, the second requirement was that the device should concentrate a pump signal into the VO 2 in order to facilitate an optically induced phase change, and the third requirement was that the structure should be an efficient waveguide for the signal wavelength. To fulfill the first and third requirements, a silicon waveguide, designed for 1550 nm light, was chosen as the base for the modulator.
The devised waveguide structure is illustrated in Fig. 1(a) . At the base of the device, is a patterned silicon-on-insulator (SOI) wafer with a Si ridge waveguide designed for a 1550 nm signal light. On top of the Si ridge waveguide is a nanostructure coating of Au and VO 2 that can trap a pump light propagating through the silicon waveguide into the VO 2 . The Au/VO 2 nanostructure coating was made sub-wavelength and periodic in order to provide an effective waveguide medium for the efficient propagation of the 1550 nm signal light. The possibility of creating an effective waveguide medium from a subwavelength nanostructure has been demonstrated in the literature for Si/Air [23] , and in this work we have applied the same principle to an Au/VO 2 nanostructure in order to form an effective hybrid plasmonic-photonic waveguide.
In the proposed design, there are a large number of parameters that affect the performance of the modulator, including the VO 2 length (L VO 2 ), the Au length (L Au ), the number of periodic elements in the device (N), the total modulator length (L M ), and the waveguide width (w), height (h) and nanostructure coating thickness (t). The waveguide width and height were fixed at 320 nm and 300 nm respectively in order to ensure single mode operation with the electrical field polarization being primarily horizontal. The thickness of the coating was fixed at 20 nm as it is understood that optical pumping of VO 2 induces a complete metal-insulator transition in individual VO 2 grains [24] , and a 20 nm thickness will ensure each VO 2 domain is comprised of only a single crystal grain. In order to better understand the physical processes governing the performance of the modulator device and the impact of the other parameters, a 2-dimensional analogue to the 3-dimensional waveguide was studied in detail and optimized in the following section. The impact of the VO 2 and Au ratio in the modulator, L M , and L R were studied and understood clearly based on the allowed photonic and plasmonic modes of the device. An ideal pump light wavelength was then determined. The Poynting vector magnitude and the transmission of the optimized 2D modulator when the VO 2 is in the dielectric state and metallic state are shown in Fig. 1 (b) and (c) respectively. The ratio of the transmittance in the dielectric state (62.75%) to the transmittance in the metallic state (4.21%) corresponds to an ER (ratio of the transmittance in the on state to the transmittance in the off state) of 23.98 dB/μm. Finally, using the understanding developed from the study of the 2D simulation, a 3D simulation was designed and optimized.
The proposed nanostructure represents a CMOS compatible design that can be fabricated using standard nanofabrication procedures. Standard electron-beam lithography of an SOI wafer can be initially used to define the silicon waveguide. Following this, deposition of the VO 2 , patterning with e-beam lithography and etching with reactive ion etching (RIE) can be done to create a subwavelength VO 2 grating. After this, Au deposition and lift-off of the gold can be performed to obtain the Au/VO 2 coated silicon waveguide. The possibility of achieving a high-quality sputtered film on the sidewalls of Si was demonstrated in previous work [25] .
Optimization and Performance

Modal Analysis
A 2D optimization of the modulator structure was first performed in order to develop a clear understanding of the governing factors that determine the modulator performance. Simplifying the model to a 2D simulation makes the waveguide resonances much more evident. Before the proposed modulator structure could be optimized however, an understanding of how the optical modes propagate in the uncoated, Au coated and VO 2 coated waveguides needed to be developed. For this purpose, a modal analysis was performed using the finite-difference-time-domain technique (FullWAVE, Rsoft Design Group, Ossining, USA). The calculated mode indices and mode profiles for a 320 nm wide slab waveguide with no coating, an Au coating, a dielectric VO 2 coating and a metallic VO 2 coating are shown in Fig. 2 . Refractive indices for the dielectric and metallic VO 2 states were taken from a previous article [26] , and indices for Au [27] , Si [28] and SiO 2 [29] were taken from the literature. For the uncoated silicon waveguide, and both the metallic phase and dielectric phase VO 2 , the propagating modes are photonic modes with effective indices near the silicon waveguide index of 2.607. The drastic difference between the imaginary component of the effective index for the metallic and dielectric VO 2 indicates that the mode is far more lossy in the metallic VO 2 case, which will result in a large contrast between the transmission of a metallic VO 2 coated waveguide and a dielectric VO 2 coated waveguide. It is evident from the electric field distribution of the Au coated silicon waveguide mode that the mode is a plasmonic metal-insulator-metal (MIM) waveguide mode with a high effective index. The high effective index is characteristic of plasmonic modes, and allows the device size to be reduced [30] .
We subsequently demonstrated (see Fig. 3 ) that the waveguides described above can form resonant cavities that either enhance the transmission or reflection of the waveguide depending on the effective optical length of the waveguide. In the case of the Au coated waveguide, the calculated effective index was 4.147 + 0.099j. Based on this value, the effective longitudinal wavelength for 1550 nm light within the waveguide is approximately 374 nm. It can be expected that light reflected from the ends of the waveguide will interfere with each other, and that the transmitted and reflected intensity (T and R respectively) will depend on the length of the waveguide. Where a minimum or maximum in the reflection of the waveguide is found, we expect another when L M is λ eff /2 longer, as this will correspond to an optical path length difference of λ eff , where the optical phase must be the same. For the Au coated waveguide, we therefore expect that if the reflectance is plotted against the waveguide length [see Fig. 3(b) ], the distance between two reflectance peaks should be approximately 187 nm. The value obtained in simulation was 185 ± 20 nm, and therefore fits this explanation. For the dielectric VO 2 coated waveguide [see Fig. 3(c) ], the value predicted based on the effective index was 282 nm, and the value obtained in simulation was 270 ± 20 nm. For the metallic VO 2 coated waveguide [see Fig. 3(d) ], the predicted value was 303 nm, and the obtained value was 295 ± 20 nm. These results clearly indicate that the modulator can act as a resonant cavity, for which the total length of the modulator is important in determining the transmissivity, and hence efficiency of the modulator.
This phenomenon was subsequently applied to the hybrid Au/VO 2 coated nanostructure in order to optimize the effective optical length of the entire modulator structure, and in doing so maximize the transmission when VO 2 is in its dielectric state, in order to obtain a high ER modulator. 
2-D Optimization
In order to determine the ideal modulator parameters and understand the underlying physical principles of the device, we optimized three main parameters. The first parameter was the ratio of L Au to L VO 2 in the periodic element, the second was the number of periodic units in the modulator, and the final parameter was the length of the individual periodic units. Since the sub-wavelength periodic elements will behave as a single effective waveguide, the initial Au/VO 2 ratio optimization [see Fig. 4(b) ] was performed in order to determine the ideal waveguide medium for the modulator. Although the ER will intuitively increase overall as the modulator length increases, it was expected that there would be an optimal length of the device for which a maximal ER per unit length would be achieved. To determine this length, the dependence of the ER per unit length on the number of periodic units was characterized in Fig. 4(c) . Finally, it was understood from the simulations in Fig. 3 that the total length of the modulator would have a significant impact on the transmittance of the device, and therefore in order to further optimize the performance, the length of the periodic elements was varied, without changing the number or composition of the units. The results for this are shown in Fig. 4(d) .
The periodic unit length (L R ), the length of the VO 2 segment in the periodic element (L VO 2 ), and the length of the Au segment in the periodic element (L Au ) are illustrated in Fig. 4(a) . Fig. 4(b) shows that dependence of the transmittance and reflectance of a modulator formed of a single 100 nm periodic element on the percentage of gold (as compared to VO 2 ) in the periodic element. It was found that for a periodic element composed of 85% gold, the ER ratio of the modulator was maximized. In addition to this conclusion, however, an unexpected result was found. Despite the metallic VO 2 mode being more lossy than the Au mode, the transmission of the metallic VO 2 mode decreases as the portion of Au in the periodic unit increases. This can be explained by two phenomena. First, the metallic VO 2 index is very close to the Si waveguide index whereas the Au effective index is much larger, and therefore as the portion of Au in the periodic unit increases, the effective index of the periodic element as a whole becomes larger and the back reflection from the Si-modulator interface increases. Second, the plasmonic mode of the Au coated portion of the modulator actually helps to concentrate the light in the VO 2 and enhance the absorption. This can clearly be seen in Fig. 1(c) , where the pointing vector magnitude is evidently much stronger in the VO 2 regions than the other regions of the modulator.
Following the optimization of the Au/VO 2 ratio, the number of periodic units in the modulator was optimized. Although periodic element with 85% Au were found to be the ideal choice, for the periodic unit optimization and all further steps, a ratio of 80% was used. This was done to prevent the VO 2 length from being excessively short and impractical for fabrication. From Fig. 4(c) it can be seen that a modulator composed of five, 100 nm long, periodic units is ideal for obtaining an optimal ER per unit length.
The final parameter optimized was the length of the periodic units, denoted as L R . The periodic element length was swept from 20 nm to 250 nm, and the transmittance and reflectance of the modulator in the metallic and dielectric VO 2 states were determined. In both the dielectric and metallic VO 2 state, there is an overall decrease in the transmittance as the periodic element length increases. This is simply a result of the increasing length of the lossy waveguide. In the dielectric VO 2 state, however, there is additionally a periodic oscillation to the transmittance and reflectance of the modulator. This can be attributed to the resonant length effect described in Section 3.1, the effective index of the modulator can be approximated as a weighted average [23] of the dielectric VO 2 coated and Au coated waveguide indices, (0.8n Au + 0.2n VO 2 = 3.867 + 0.0858j). Based on this index, and the fact there are 5 periodic elements, we expect reflectance peaks to be separated by a difference in L R of 40.1 nm. In Fig. 4(d) , the separation between reflectance peaks is 45 ± 10 nm, which supports this conclusion. By taking advantage of this resonance, at an optimized length of 70 nm for the periodic elements, it was possible to obtain an ER of 23.98 dB/μm. The insertion loss (IL), which is simply the transmittance of the on state converted to a dB scale, was also exceptionally low at 1.6 dB (4.56 dB/μm). The high amplitude reflectance peak seen at a periodic unit length of 230 nm is a result of the periodic unit no longer being sub-wavelength in size. At this point, each periodic unit is on the order of a wavelength in length, and the modulator behaves as a Bragg reflector.
Pump Light Wavelength
As a final step to the optimization of the 2D waveguide modulator, a pump light wavelength had to be chosen. Recent theoretical work suggests that the optically induced VO 2 phase transition is caused by a critical density of photo-excited carriers in the VO 2 causing an instantaneous collapse of the VO 2 bandgap, and the onset of metallic behavior [16] . Based on this, the absorption of the pump light in the VO 2 region was used as a metric for determining the ideal pump light wavelength. It was also predicted that because the Au/VO 2 nanostructure consists of many metal-dielectric-metal nanogaps, there should be a resonant wavelength for which light is coupled strongly to this cavity. In order to find this wavelength, the optimized modulator was excited by a varying wavelength, and the absorption in the VO 2 was monitored [see Fig. 5(a) ]. For a pump light wavelength of 1050 nm, an absorption peak was observed. A pump wavelength of 1064 nm was chosen due to the ready availability of this wavelength. The spatial distribution of the absorption for a 1064 nm pump light is shown in Fig. 5(b) .
3-D Modulator
Using the same optimization process used for the 2D slab modulator, the periodic element length, number of periodic elements and periodic element composition of a 3D modulator [see Fig. 1(a) ] were optimized. In this design, the Si waveguide height and width were kept at 300 nm and 320 nm respectively. After optimization, ideal number of periodic elements, and Au/VO 2 ratio was found to be the same as for the 2D modulator (5 and 80% Au). However, after optimizing the periodic element length [see Fig. 6(a) ], an optimal length of 110 nm was found, for which an ER of 26.85 dB/μm, with an IL of only 7.17 dB (13.04 dB/μm), was obtained. When the VO 2 is in its dielectric state, the modulator has a transmittance at 1550 nm of 19.22%, which is changed to 0.64% when the VO 2 is in its metallic state. With a total device length of only 550 nm, this device is comparable to other modulators in the literature [4] , [18] , [31] , [32] , [33] and has the added benefit of being optically pumped. In Fig. 6(b) and (c), the Poynting vector magnitude of 1550 nm light propagating through a horizontal cross section at the center of the modulator when the VO 2 is in its dielectric state [see of Fig. 6(c) , where the absorption on one side of the modulator is shown, additionally demonstrates that a pump light at 1064 nm is strongly absorbed in the VO 2 and therefore can be used to induce the metal-insulator transition in the VO 2 through the generation of photo-excited carriers.
Conclusion
In this work, a 2D slab waveguide and a 3D ridge waveguide hybrid photonic-plasmonic all-optical modulator were designed and optimized. Through an in-depth study of the 2D slab waveguide modulator, it was determined that the key factors affecting the performance of the modulators were the ratio of the Au/VO 2 segment length, the number of Au/VO 2 periodic elements in the modulators, and the total length of the modulators. By optimizing these three parameters, a 3D modulator design with an ER of 26.85 dB/μm and an IL of only 7.17 dB was achieved. The design was also found to efficiently concentrate pump light at 1064 nm into the VO 2 regions, thus enabling an optically induced metal-insulator transition in the VO 2 . This design can be microfabricated, and future work will focus on the experimental demonstration of this waveguide integrated all-optical modulator.
